). Understandably, much of the focus on exotic species invasions in forests and other ecosystems has been on aboveground invaders, which are the most apparent. However, belowground invasions may be equally widespread and may become better known as more ecologists begin to recognize the importance of links between aboveground and belowground communities ( . Earthworms shift the soil system from a slower cycling, fungal-dominated system to a faster cycling, bacterial-dominated system, or at least one that is less fungus dominated (Wardle 2002) . This is accomplished through the redistribution and transformation of soil organic matter as earthworms consume organic-rich forest floor material and incorporate it into underlying mineral soil (Figure 1 ). The degree of mixing of soil layers depends upon the life history traits of particular earthworm species, which are often broadly categorized as belonging to one of three main ecological groups: epigeic, endogeic, and anecic (Edwards and Bohlen 1996). Epigeic species reside mainly in the upper organic layer and may cause limited mixing of mineral and organic soil layers. Endogeic species reside in the mineral or mixed soil layers and often enhance mixing of organic and mineral soil layers. Anecic species (including Lumbricus terrestris, the common nightcrawler) form nearly vertical permanent burrows up to 1-2 m deep. These species incorporate litter into the soil and bring mineral soil from different depths to the surface, resulting in soil mixing that is very different from the mixing caused by epigeic or endogeic species (Figures 1 and 2) . Not all species fall neatly into these standard categories, but classification is useful for differentiating major ecological groups and their effects. The physical transformation of the soil is the most obvious sign of earthworm invasion in northern forests. How these physical changes and the associated redistribution of organic matter influence ecosystem level processes such as total C storage, N transformation rates, and loss of nutrients via hydrologic and gaseous pathways, and how these change over time, is not well understood.
A shift towards a faster cycling system implies that earthworm invasion could result in a net loss of C from the soil. Northern forests are important global C sinks, but environmental changes may turn them into C sources Earthworm invasion also affects phosphorus (P) cycling in soil, which is strongly influenced by physical and chemical modifications. Trees in areas with an intact forest floor concentrate a large proportion of their fine roots in this layer, where up to 80% of their annual P requirement is met by the tight linking of organic P mineralization and uptake (Wood et al. 1984; Yanai 1992) . By eliminating the forest floor and mixing it with the underlying soil, earthworms can greatly alter P cycling by increasing P fixation by soil minerals and by altering the mineralization of organic P. For example, a study of sugar maple stands in Quebec showed that all stands that had forest floors mixed with mineral soil had lower concentrations of available P than did stands with intact forest floors, undisturbed by earthworm activity (Pare and Bemier 1989 a, b). A comparison of plots with and without earthworms in New York suggested that invasive earthworms influenced soil P cycling, but that the effects depended on the species composition of the earthworm community, possibly because various earthworm species differentially affect the degree of mixing of soil layers and the redistribution of organic and mineral components within the soil profile (Suarez et al. 2004 ). The effect of earthworms on P cycling is largely dependent on regional soil mineralogy, the degree of mixing of soil layers, and the timeframe of the invasion. An initial increase in organic P mineralization in the early stages of invasion may be followed by a decrease in available P as soil minerals fix more P.
* Alteration of the soil foodweb Soil microbial community responses
Organic layers in the soil provide microhabitats and resources that support an abundant and diverse soil community. The profound changes in the soil organic layers resulting from earthworm invasion greatly alter microhabitats and resources for microorganisms and invertebrates (Figure 3 ). However, with the exception of studies in forests in Alberta, Canada, and in a maple forest in New York, data on the effects of earthworm invasions on soil microbial communities in forests are limited.
Studies on the response of soil fungi to the invasion of Dendrobaena octaedra into pine forest soil in Alberta suggest that in the long term, fungal community diversity and richness decreased and dominance among fungi increased, apparently due to the disruption of fungal hyphae, decreased resource availability, and reduced spatial heterogeneity as the organic layers became homogenized (McLean and Parkinson 2000a). Competition among fungi was reduced soon after invasion, possibly through the addition of nutrients or as a result of disturbances due to burrowing and deposition of casts into the organic layers (McLean and Parkinson 1998b). Given the differences between epigeic, endogeic, and anecic earthworms in terms of feeding behavior and effects on the soil profile, one might expect the response of soil fungi to earthworm invasion to vary in accordance with the ecological group of the invading species. In fact, results from a laboratory mesocosm experiment suggest that some species, including fast-growing species of Trichoderma, are favored by the presence of the epigeic D octaedra, but are inhibited by the presence of anecic and/or endogeic earthworms, indicating that epigeic earthworms favor fungal species that tolerate moderate disturbances. Other fungi, including Mortierella sp (Zygomycetes), uniformly decreased in the presence of epigeic, anecic, or endogeic earthworms, reflecting their inability to tolerate hyphal disruption; this is due to the lack of septa to prevent cell content leakage. With so little data available, conclusions about the effects of earthworms on microfungal communities must remain preliminary.
It is probable that earthworm invasions not only affect saprophytic but also mycorrhizal fungi, but this has not been well studied. Results from a laboratory study on the impacts of earthworms on mycorrhizal fungi are congruent with observations on saprophytic microfungi. The presence of earthworms of different ecological groups decreased colonization rates and abundance of arbuscular mycorrhizae of sugar maple, most likely due to physical disruption of fungal mycelia (Lawrence et al. 2003) . Changes in the abundance and functioning of arbuscular mycorrhizal fungi probably contributed to alterations in forest herb communities.
Soil invertebrate community responses
Earthworm invasions can rapidly alter soil structure, humus forms, and plant communities, and some of these changes can occur in as short a period as 2 to 5 years (Langmaid 1964 However, high earthworm biomass and activity in the longer term and in the lower organic layers, the main habitats of microarthropods in climates with hot and dry summers and cold winters, resulted in strong decreases in diversity and abundance. These declines can be attributed to the restructuring of the organic layer into earthworm casts and associated mechanical disturbance, as well as the competition for microbial food resources.
More dramatic decreases in microarthropod diversity and abundance were observed in aspen forest soil in Alberta when L terrestris, an anecic species, and 0 tyrtaeum and Aporrectodea caliginosa, both endogeic species, invaded soils previously devoid of earthworms. These large earthworm species mix organic material and mineral soil in much greater quantities than D octaedra, and therefore compete vigorously with microarthropods for microbial and organic food. They alter habitat and food resources more strongly and create mechanical disturbances which, as demonstrated in a 1-year laboratory experiment, may result in lower microarthropod abundances than are found in agricultural soils under conventional tillage (Migge 2001 ). The same processes occur in the field; these will be slower in dry continental climates such as in the forests of southern Alberta, but are likely to be much faster in the milder climates of the eastern forests. To date, there are no comparable data available from other regions, and data on enchytreaids, nematodes, and macroarthropods are lacking. Most research on earthworm invasions has focused on the consequences of invasion at particular forest sites, with much less emphasis on the mechanisms of invasion and the broader landscape-and regional-scale factors that contribute to, or limit, invasion. These factors include agents of dispersal, the quantity and quality of resources at invaded sites, the nature of the overstory vegetation, and soil characteristics (Figure 4) . Human activity has been implicated as an important cause of earthworm dispersal, including anglers dumping unused fishing bait, logging trucks carrying mud that contains earthworms or cocoons into newly logged areas, and the spreading of horticultural materials such as mulch or compost in gardens or along trails. Factors that affect either the quantity or quality of soil organic matter are important because organic matter is the primary resource base for invading earthworms. Low quantities of organic matter may represent an inadequate food source for earthworms with rapid growth rates. The quality of soil organic matter or plant litter, including such properties as the C:N ratio, or tannin (polyphenol) content, is known to influence earthworm feeding, growth, and fecundity. Forests with large amounts of soil organic matter but poor food quality may prevent establishment or limit growth and expansion of earthworm populations (Edwards and Bohlen 1996). Finally, soil factors, such as texture, acidity, richness of base cations, and moisture, influence the establishment and size of earthworm populations. These various factors may affect different species in dissimilar ways, so that conditions that prevent colonization by one species may not prevent the establishment of another.
Soil inhabiting vertebrates
The potential widespread loss of native understory plant species that could result from expanding earthworm invasion of northern hardwood forests raises the question of whether strategies could be developed to prevent further invasions or provide for restoration following invasion (Proulx 2003) . Although local control of invasions may be possible in some situations, the magnitude and regional scale of invasion by non-native earthworms suggest that in the next few decades many northern temperate forests that currently lack earthworms will be invaded to some degree, rendering regional control strategies impractical. Reducing agents of dispersal by, for example, educating fishermen about the effects of earthworm introductions, limiting the spread of horticultural materials containing earthworms, or limiting new road con-struction into forest tracts, may help slow dispersal of exotic earthworm species. The decline in some understory plant species following invasion is due to the cooccurrence of other factors, such as high deer densities (Augustine et al. 1998). In this situation, control of earthworms, even if it were possible, may not be sufficient to enhance recolonization of understory herbs without efforts to control deer densities.
Northern temperate forests are facing rapid environmental transformations that include climate change, species invasion, changes in land-use patterns, and continued atmospheric deposition. Earthworm invasion is an additional factor that may interact with, and contribute to, these changes. Positive or negative interactions may occur, such as an acceleration of C loss (climate warming and earthworm invasion), increased gaseous or hydro- . These invasions will have important consequences, not only for biodiversity and conservation, but also for nutrient cycling and ecosystem processes in northern forest ecosystems.
